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Shape-Reprogrammable Polymers: Encoding, Erasing,

and Re-Encoding

Ryan R. Kohlmeyer,*
Richard A. Vaia, and Jian Chen*

Shape engineering is crucial for controlling the properties and
functions of polymers, such as surface roughness, adhesion
and wettability, pore size and connection, chirality, and respon-
siveness towards environmental stimuli, which enable a broad
range of applications in microfluidics, tissue engineering, 23!
switchable adhesives,*° soft robotics,’~% optical devices,[1%11
and reconfigurable metamaterials.'! Conventional plastic-
shaping techniques like molding depend on complementary
replication of the geometry from a physical mold. The cost and
time associated with tools and machining used in such a one-
to-one linear shape-translation processes often increase rapidly
with shape complexity. Additive manufacturing, also called
three-dimensional (3D) printing, is a layer-by-layer technology
for producing 3D objects directly from a digital model. While
3D printing allows the fabrication of increasingly sophisticated
structures on demand, the production time scales significantly
with object size. 3D structures of gels and polymers based on
bending or swelling have also been fabricated using localized
light™! or heat.['*-19 Alternatively, non-uniform shape change
of heterogeneous multicomponent or multicompartmental
materials in response to global environmental stimuli has been
exploited to create origami structures.'’-1l However, the degree
of sophistication in applying localized stimuli or fabrication of
multicomponent and multicompartmental materials usually
correlates with 3D shape complexity.
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Recently, a new shaping strategy has emerged, which pre-
scribes geometric information directly into a single material
system via irreversible chemical patterning. Upon exposure
to environmental stimuli, the chemical pattern can guide the
material undergoing shape transformation from a simple
geometry such as a flat sheet into a more-complex 3D struc-
ture.l2%21l For example, patterning of a crosslinked region in a
planar hydrogel with UV irradiation through a photomask cre-
ates a gradient sheet, which undergoes differential swelling or
shrinking when exposed to different stimuli.?2?3 In addition,
a functional gradient can also be generated by controlling the
local orientation of Al,O; platelets in a hydrogel or by photo-
patterning of the mesogenic unit alignment in a liquid-crystal-
line polymer network.l?*2%! Since the geometric information is
embedded permanently, shape-reprogramming of such mate-
rial systems to achieve unlimited diverse 3D structures from
the same piece of polymer is impossible.

Here we report a strategy for shape-reprogramming in a
single polymer material, which not only allows shape-encoding
and 3D translation of encoded geometric information, but
also enables erasing and re-encoding of shape information via
reversible localized chemical patterning on the same piece of
polymer. Shape-reprogramming refers to the following cyclic
process on the same piece of polymer: encoding of 3D shape
information via reversible chemical patterning, decoding of
encoded 3D shape information via environmental stimuli such
as heating without using an external mechanical force or tem-
plate, erasing of the realized 3D shape via chemical treatment
and heating, then re-encoding different 3D shape information
with another chemical pattern. In essence, our shape-repro-
grammable polymer (SRP) acts as computer hardware that can
be reformatted and reprogrammed repeatedly. Hence, a single
piece of SRP is sufficient, in principle, to produce numerous
complex 3D shapes that are prescribed in simple chemical
patterns.

Shape-memory polymers (SMPs) are materials that can
memorize one or multiple temporary shapes and are able to
return from this temporary shape to their permanent shape
upon exposure to an external stimulus such as heat.[626-2%]
Nafion is a commercially available SMP with a multi-shape-
memory effect.[42930] Recently, we reported!!! that any shape of
Nafion or its composite can be reversibly locked and unlocked
with high fidelity by deprotonation and reprotonation, respec-
tively (Figure 1). Chemical locking is particularly useful for
stabilizing temporary shapes against heating to temperatures
at or higher than the initial deformation temperature (Tj), the
temperature at which a film was stretched before shape-fixing
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Figure 1. Overview of shape-locking and unlocking of Nafion. a) Nafion chemical structure and the reversible chemistry between the protonated
(unlocked) and deprotonated (locked) forms. Nafion is a commercial thermoplastic polymer that possesses a low degree of crystallinity. These crystals
serve as physical crosslinks that prevent flow above the thermal relaxation temperatures, as well as hold a temporary shape during the shape-memory
process.?’l b,c) DMA curves of (b) tan & and (c) storage modulus E’ of: i) an unlocked Nafion film, ii) a locked film obtained from 1 m NaOH treat-
ment of (i), and iii) a recovered unlocked film obtained from 1 m HCl treatment of (ii). d) The unlocked Nafion film exhibits the typical shape-memory
effect and undergoes shape-recovery upon heating above Ty and between the onset of T+ and Ty,*, whereas the locked Nafion temporary shape

remains stable.

upon cooling.> Studying the thermal relaxations of these two
distinct phases using dynamic mechanical analysis (DMA) has
been well documented.B) Our results of protonated, depro-
tonated, and re-protonated Nafion confirms the dramatic
increase, as well as recovery, of the temperature of cooperative
thermal relaxation from 100 (T};.) to 260 °C (T,.) (Figure 1b,c).
Here, Nafion is locked (deprotonated) by immersion in 1 m
NaOH, and unlocked (re-protonated) by immersion in 1 M HCI.
At temperatures between the onset of T;- and Ty, the locked
phase (Nafion,,.) is mechanically stiffer than the unlocked
phase (Nafion,;). As such, the unlocked phase uniquely exhibits
a shape-memory effect when heated to these intermediate tem-
peratures (Figure 1d).

Shape-patterning and reprogramming exploits this reversible
acid-base, chemically induced shift in relaxation temperature.
Both phases can be patterned within a Nafion film via local dep-
osition of a deprotonation ink (NaOH). Differential shrinking
between these coexisting regions occurs upon heating causing
the originally planar film to transform to a 3D conformation
that is precisely dictated by the pattern of locked—unlocked
phases. Since the acid-base chemistry is fully reversible, chem-
ical patterning of shape-memory and locked-shape-memory
phases can be encoded, erased, and re-encoded, repeatedly, in
a single piece of Nafion (see Experimental Section and Sup-
porting Information for details).

To simplify the discussion, “heating” will specifically refer to
treating the film to temperatures greater than Tj.cand between the
onset of T;. and Ty,.. We first demonstrate the 3D shaping capa-
bility of our system by patterning a uniaxially stretched Nafion
film. Without locking treatment, the film uniaxially shrinks upon

heating, completely recovering its original shape, whereas a film
completely locked in its temporary shape remains unchanged
upon heating (Figure 1d and Supporting Information, Figure S1).
In contrast, heating a film patterned with a short line of locked
material parallel to the stretching direction leads to bending of the
strip toward the patterned surface (Figure 2a,b and Supporting
Information, Figure S2d-g). Bending suggests the presence of a
gradient in locking through the thickness of the film. This was
confirmed by energy-dispersive X-ray spectroscopy (EDS), which
showed a deprotonated area on the bottom of the film approxi-
mately 10% larger relative to the top (Supporting Information,
Figure S3,S4). Also, infrared (IR) spectroscopy showed a sim-
ilar chemical transformation on both sides of the locked region
indicating both surfaces were locked through the thickness
(Supporting Information, Figure S5). In concert, finite element
(FE) modeling verifies that upward bending requires a larger
area of locking on the bottom of the film relative to the top sur-
face where the NaOH ink was applied (Supporting Information,
Figure S6,S7). With a larger locked footprint on the bottom, the
film contracts more on the top and consequently forms an upward
bend (Figure 2c and Supporting Information, Figure S7d). This
direct coupling between the mechanics and the chemical profile
provide a powerful framework to control the direction and shape of
3D structures. The locking gradient is sensitive to diffusion-related
variables, such as the applied NaOH concentration, the treatment
time, and the film thickness. For example, by decreasing the
reagent volume over the same pattern area, and thus decreasing
the extent of the de-protonation gradient, the film bends down-
ward, reflecting more contraction (i.e. less locking) on the bottom
surface (Supporting Information, Figure S7c, S8=j).

Adv. Mater. 2014, 26, 8114-8119 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Overview of shape-encoding and decoding of uniaxially stretched (us-) and biaxially stretched (bs-) Nafionsgp,. a) Schematic representation

of a us-Nafionsgp with a patterned line (the blue arrows indicate the stretching direction). b) Photographs of a us-Nafionsgp (stretched to € = 33% at
120-130 °C), which was patterned with a 1.5 pL line of T v NaOH, then heated at 120-130 °C for 30 s (patterned side up on left and down on right). c) FE
model of us-Nafionsgp after encoding and decoding. d) Schematic representation of bs-Nafionsgp with a patterned dot. e) Photographs of 5 mm square
films (patterned side down) after patterning with a 0.5 uL dot of 1 M NaOH and heating for 5 min at 130 °C. Before patterning, the films were stretched
using a biaxial stretching device at 120-130 °C to various strains (left: £ = 20%, middle: € = 62%, right: € = 125%). f) FE models of the bs-Nafion films
with 5%, 10%, and 20% shrinkage upon heating. g) Scheme of dynamic right-handed helix locking pattern and photograph of us-Nafionsgp (stretched to
£=49% at 120-130 °C) that was patterned at a angles varying from 10—-60° with 1.5-2.0 uL of 1 v NaOH per line, then heated at 120-130 °C (resting in
a polytetrafluoroethylene (PTFE) dish for 5 min, followed by hanging from a clip for 1 min). h) Pattern printing. Computer-aided design (CAD) scheme
of locking pattern with lines patterned on the top (black) and bottom (gray) of the film, and photographs after patterning a us-Nafionsgp (€ = 54%) by

8116  wileyonlinelibrary.com

printing with 1 M NaOH with 5% (v/v) ethylene glycol, then heating for 5 min at 130 °C. Scale bars: 0.5 cm.

By controlling the size, location, and orientation of the pat-
terns in a flat sheet, complex 3D shapes with positive and nega-
tive deflections can be prescribed on pre-stretched Nafion films.
For instance, arbitrary helical shapes can be produced with
predictive and precise control of helical handedness, radius,
and pitch distance (Figure 2g and Supporting Information,
Figure S9-S11). These macroscopic helical structures mimic
some of those found in nature, which can be seen in seashells,
horns, plant tendrils, and seed pods.*2 Alternatively, zigzag
structures could be created with a similar degree of control by
patterning on both sides of the film (Supporting Information,
Figure S12). Since the shape-encoding chemistry is fully revers-
ible, it is possible to convert a zigzag shape to a right-handed
helix by shape-reprogramming of the same rectangular sheet of
Nafion directly (Supporting Information, Figure S13).

A biaxially stretched Nafion film with circular dot patterning
experiences buckling in the locked area, as well as shrinking
in the unlocked area in response to heating, which leads to the
formation of dome structures that resemble the profile of a 3D
Gaussian shape (Supporting Information, Figure S2a—c, S14).
By changing the film stretch ratios, various dome shapes can

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

be created (Figure 2e). In all cases, the buckling direction is
towards the bottom side of the film due to a smaller locked area
on the top of the film (Figure 2d), as confirmed by FE modeling
(Figure 2f). Following from the mechanical analysis, a group
of domes with controlled size and location can be produced by
printing a pattern of dots on a biaxially stretched Nafion film
using a plotter equipped with a 30 pm felt-tip pen (Supporting
Information, Figure S14g). Alternatively a 3D textured wave
structure could be generated with a series of patterned lines
by printing on both sides of a uniaxially stretched Nafion film
using the same plotter equipped with a 200 pm felt-tip pen
(Figure 2h). Inkjet printing, aerosol jet printing, masked aerosol
spray-coating, and microcontact printing with a rolling stamp
will allow for rapid, large-area printing of arbitrary patterns
with a hierarchy of length scales tunable for each application.
The reversibility of the deprotonation—protonation chem-
istry further enhances the versatility of SRPs so that the
same strip of film can be repurposed and reprogrammed
into multiple 3D shapes. For example, Figure 3 summarizes
the sequential reprogramming of Nafion using three dif-
ferent encoding methods: a zigzag prescribed in a uniaxially

Adv. Mater. 2014, 26, 8114-8119
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Figure 3. Shape-reprogramming. a) Room-temperature uniaxial hand stretching to € = 33% and then patterning with two 1.5 pL lines of T » NaOH
(the black rectangle represents the top side and the white rectangle represents the bottom side). b) Heating of patterned film by hanging for 30 s at
120 °C. c) Soaking film in 1 m HCl for 20 min followed by heating for 1 min at 120 °C to recover the permanent shape. d) Room-temperature biaxial hand
stretching to £=20% in the x and y directions and then patterning with three 0.5 pL dots of 1 M NaOH (the pattern shown with black circles). e) Heating
of patterned film in a PTFE dish for 5 min at 120 °C. f) Room-temperaure uniaxial hand stretching to £ = 39% followed by complete locking by soaking
in 1 M NaOH for 1 h and then patterning with 5 pL of T M HCI. g) Heating of patterned film in a PTFE dish for 10 min at 150 °C. Scale bars: 0.5 cm.

stretched film with line patterning, domes prescribed in a
biaxially stretched film with dot patterning, and a bend with
a saddle shape prescribed in a locked uniaxially stretched film
with reverse patterning (Figure 3). In reverse patterning, local-
ized addition of 1 M HCI to a fully locked Nafion temporary
shape leads to a Nafion film with patterned unlocked regions
(Figure 3 and Supporting Information, Figure S15). This
reverse-patterning example enables bending, but retains the

rigid facets of the locked Nafion which could be more useful
for applications in origami engineering.

Finally, the general shape-reprogramming methodology
is not restricted to initially flat substrates. For example, heat-
induced differential shrinkage dictated by simple chemical
patterns on seamless Nafion tubing gives rise to prescribed
complex tubing shapes with modulated radius, helicity, and
surface morphology (Figure 4 and Supporting Information,

(N = ) (W =W w)
. o, =R
15—

) B

Permanent Shape

Figure 4. 3D shaping and reprogramming of Nafion tubing. a—c) Schemes of three different locking patterns and photographs of corresponding
3D-shaped tubes after removing the patterned tube from the awl and heating in a PTFE dish. a) Two 4-mm-wide strips of NaOH-soaked paper towel
were wrapped around the tube. The encoded tube was heated at 140 °C for 10 min. b) A 3-mm-wide strip of NaOH-soaked paper towel was wrapped
around the tube. The encoded tube was heated at 150 °C for 10 min. c) Three 3-mm-wide strips of NaOH-soaked filter paper were rested across the
tube. The encoded tube was heated at 140 °C for 10 min. d—g) Shape-reprogramming of Nafion tubing. d) Radial stretching followed by patterning
with two 8-mm-wide strips of NaOH-soaked paper towel that were wrapped around the tube. Corresponding scheme of the locking pattern is shown
above. e) Heating of encoded tube at 140 °C for 2 min. f) Soaking film in 1 m HCI for 20 min followed by heating at 140 °C for 10 min to recover the
permanent shape. g) Radial stretching followed by patterning with three 4-mm-wide strips of NaOH-soaked paper towel that were wrapped around the
tube. Corresponding scheme of the locking pattern is shown above. Scale bars: 0.5 cm.
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Figure S16). As with the films, the same tubing can be repro-
grammed from one 3D shape to another by encoding, erasing,
and re-encoding of shape information via through-thickness
chemical patterning of the tube's surface (Figure 4d-g). Such
sophisticated 3D tubing geometries with any length are either
difficult or impossible to make via other shaping methods. The
ability to rationally engineer tubing morphology allows fine
control of gas and fluidic transport for targeted applications
such as controlled mixing (Figure 4a), vortex flow (Figure 4b),
or decelerated flow (Figure 4c).

In conclusion, shape-reprogramming of shape-memory poly-
mers represents an exciting new strategy to develop re-useable,
sustainable materials for morphing technologies ranging from
medical implants and lab-on-a-chip, to robotics and satellite
deployment. The key to this methodology is accessible and
reversible acid-base chemistry that shifts the softening tempera-
ture of a shape-memory polymer. The demonstration of repro-
gramming with Nafion is potentially amenable to other ionomers
with sulfonic acid or carboxylic acid groups, as well as other pol-
ymers that can undergo reversible side-chain crosslinking such
as cycloaddition or supramolecular reactions.[*3-¢ Overall, SRPs
provide an avenue to engineering arbitrary complex forms that
morph to enable complex functions. Future studies include the
development of new SRP materials, printing patterns to achieve
even-more-complex 3D shape outputs, as well as developing a
computational topology optimizer that can directly predict an
input pattern for a desired 3D output shape.

Experimental Section

Nafion N115 films (DuPont, t = 127 pm) were purchased through lon
Power, Inc. All as-received Nafiony;. films were annealed at 140 °C for 2 h
to reach their equilibrium states. The stretch ratio, A, as used throughout
this work is defined as A =(L/Ly), where L, is the initial length of the
film and L is the final length of the film after stretching. The strain, ¢, is
defined by € =100% X (L—Lg)/Lo.

Chemical locking refers to the process of converting Nafion,. to
Nafiony,- or Nafiony. by a selective treatment with a 1 m NaOH or KOH
solution. Selective locking treatments were done using a 0.5-10 pL
micropipetter, and the locking pattern was wiped away using paper towel
before drying. Unless otherwise specified, all locking reagent patterns
were left on the film for 10 s, then wiped away with a paper towel.
Chemical unlocking for shape-reprogramming experiments refers to the
process of converting the Nafiony,. or Nafiony. regions back to Nafion,,.
by soaking in a 1 m HCl solution for 20 min, followed by washing
with deionized water. The original permanent shape was recovered by
heating the unlocked material for 1 min at 120 °C. Nafion tubing for
3D shaping experiments was purchased through Perma Pure LLC
(model numbers TT-110 and TT-070). Printing of locking patterns was
accomplished using a Graphtec FC2250 plotter fitted with a Copic 30 pm
or 200 pm felt-tip pen. The patterns were prepared using TurboCAD
Deluxe 20.0 and exported as Drawing eXchange Format (.DXF) to be
read by the plotter. Additional details of 3D-shaping and reprogramming
experiments are described in the figure captions in both the text and the
Supporting Information.

Sample  Characterization: Dynamic mechanical analysis (DMA)
measurements were acquired using a TA Instruments DMA Q800 under
nitrogen. Samples were run in tensile mode at a frequency of 1 Hz and
a heating rate of 3 °C min™'. 1 MPa was used to determine the lower
modulus limit of each run. For unlocked samples, going above the
temperature associated with this modulus (ca. 175 °C) caused the sample
to become very soft or rip, which caused the data to become noisy and
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unreliable. Measurements were recorded after first heating a sample up
to 130 °C inside the DMA instrument and cooling back down to 30 °C
to remove residual moisture in the sample. Energy dispersive X-ray
spectroscopy (EDS) mapping was run using a FEI Quanta 600F scanning
electron microscope (SEM) equipped with an EDAX Ametek Octane
Super detector. EDS mapping was performed at a 30 kV accelerating
voltage and a 50x magnification using EDAX TEAM Enhanced V4.0.0
software. All the maps were collected using the high-quality mapping
setting, which took ca. 30 min at a count rate of 40 000 counts per
second. For each sample, 0.5 pL of 1 m KOH was placed on the top of
each Nafion film and wiped away before drying. EDS maps of both sides
of each sample were taken immediately after wiping KOH away. The
EDS map of the bottom of the film (opposite to the patterned side) was
always acquired before the top of the film (pattered side). Yellow circles
were drawn around the outline of the potassium regions and the areas of
each spot were measured using Image) 1.45s software. Attenuated total
reflectance-FTIR (ATR-FTIR) spectra were obtained via a Bruker ALPHA
FT-IR spectrometer equipped with an ALPHA-P diamond ATR module.
Mechanical Modeling: Finite element (FE) modeling was employed to
determine how patterned locking was capable of generating a bending
response in the us-Nafion film. A rectangular geometry, as shown in
Figure 2a, was discretized with 4-node, two-layer shell elements in the
commercial FE package ANSYS. The initial, undeformed configuration
in the model corresponded to the stretched state in the experiment. To
simulate the contraction along the stretching direction, an isochoric
deformation was prescribed throughout the model using anisotropic
coefficients of thermal expansion. In this way, the temperature field
throughout the model acted as the load parameter for the magnitude
of the axial contraction (Supporting Information, Figure S6a). To ensure
that the prescribed deformation was volume preserving (det(F,,) = 1),
we assume that for the uniaxial case the deformation gradient was
F.. = diag(AL,A71/2,1712). Hence, as the axial direction shrinks with
increasing load parameter, the orthogonal y and z directions expand
(Supporting Information, Figure S6a). The same approach was applied
to the bs-Nafion films, with an assumed deformation gradient of
F,s = diag(LA,A2). Apart from the thermal-expansion coefficients,
all the other material properties were isotropic. We assumed a linear
elastic material model for the Nafion films. Young's modulus was
Ei- = 200 MPa in the unlocked regions and Ey,. = 400 MPa in the
locked regions. We used the load parameter, T (temperature) to
also assign the stiffness of the locked (T = 0) and unlocked regions
(T = 0.03), respectively (Supporting Information, Figure Séb). A nearly
incompressible Poisson's ratio of v = 0.499 was assigned to all regions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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